Raman spectra of C 60 and C 70 encapsulated in single-wall carbon nanotubes ͑so-called peapods͒ were measured at different excitation wavelengths in the range 458 -568 nm and at hydrostatic pressure up to 9 GPa. We present the excitation profiles for some intense high-frequency peaks of C 60 and C 70 normalized to the scattering intensity of CaF 2 . With some minor differences they resemble the corresponding optical absorption profiles of C 60 and C 70 . The results are discussed in terms of the electronic structure of the fullerenes and compared to their optical spectra in the solid state and solutions. Pressure slopes are obtained for the A g (2) mode of C 60 peapods and the three modes at 1446, 1465, and 1476 cm Ϫ1 in C 70 peapods. Abrupt changes in the slopes of these three lines are observed around 1.5 GPa.
Single-wall carbon nanotubes ͑SWNT's͒ and fullerenes have been successfully investigated by Raman spectroscopy because of its high sensitivity to the vibrational and electronic properties of sp 2 carbons. Recently, fullerenes and SWNT's were assembled by introducing fullerenes into the tubes to form the so-called peapods. 1 SWNT's filled with C 60 molecules were observed using high resolution transmission electron microscopy ͑HRTEM͒.
2 It was also demonstrated that, upon doping, C 60 molecules can undergo a chemical reaction in the tube cavity to form covalently bonded linear chains. 3 Given the high C 60 filling factors of the peapods estimated by transmission electron microscopy ͑TEM͒ ͑Ref. 4͒ and electronic energy loss spectroscopy ͑EELS͒, 5 and the polymerlike Raman spectra at room temperature, the fullerene molecules are believed to rotate and to form polymer chains at room temperature. 6 The C 70 peapod was found to have two crystalline structures: ''standing-egg'' or ''lyingegg'' structure with its longer axis perpendicular or parallel to the nanotube axis, respectively. 6 The sensitivity of the Raman cross section is enhanced by the strongly polarizable electrons in the peapods and, additionally, by onedimensional ͑1D͒ quantum confinement phenomena 7 and double-resonance scattering conditions. 9 Indeed, first resonance Raman studies on carbon peapods revealed a highly photoselective scattering cross section of both the fullerene and the nanotube vibrational modes. 10, 11 The intramolecular fullerene modes in bulk crystals were found by a number of research groups [12] [13] [14] to shift linearly upon applied hydrostatic pressure. However, for both C 60 and C 70 anomalies were observed. Some C 60 modes change at 0.4 GPa from softening to hardening and modify slightly their slopes again around 2.5 GPa. 13 These phenomena were attributed to the rotational ordering transition ͑for pϭ0 at Ϸ260 K) and the transition to the rotation-free frozen state ͑for pϭ0 at Ϸ90 K), respectively. 13 C 70 modes were found to harden with their pressure slope becoming flater at Ϸ1 GPa.
14 This change, in turn, was explained with the phase transformation of fcc to rhombohedral structure thereby freezing the free C 70 rotation around its short axis. 14 In this Brief Report we present a resonant and pressuredependent Raman study of the high-frequency modes of C 60 and C 70 in carbon peapods. We compare the resonant and pressure behavior of the peaks with results for fullerene solutions and pristine fullerenes.
The carbon peapods used in the present study were produced by laser ablation with subsequent heating of opened SWNT's and C 60 in a sealed quartz tube. 1, 4 Bulk sensitive measurements of the filling factors for C 60 peapods by the EELS method revealed Ϸ60% C 60 occupancy of the pods. This can be regarded as a lower limit as an x-ray-diffractionanalysis estimated the filling factors to be 85% for C 60 peapods and 72% for C 70 peapods 4 while HRTEM measurements revealed almost 100% local occupancy. The SWNT pods had a narrow diameter distribution between 1.29 and 1.47 nm, centered around 1.37 nm as estimated from HR-TEM and Raman measurements of the SWNT breathing mode. Figure 1 shows typical electronic diffraction images of the peapods investigated. From the streaks we determined the one-dimensional lattice constants of the encased fullerenes: 0.95 nm for C 60 peas and 1.00 nm and 1.10 nm for the standing and lying alignment of C 70 peas. 4, 6 Note that
Electronic diffraction patterns of C 60 peapods ͑a͒ and C 70 peapods ͑b͒. From the vertical streaks the one-dimensional lattice constants of the fullerenes within the SWNT's can be determined.
the double streaks in Fig. 1͑b͒ are very sharp and of high contrast, which means that there is no mixed alignment of C 70 peas.
The Raman spectra were recorded with a DILOR triple grating spectrometer and a charge-coupled device detector. Nine lines between 458 and 568 nm of an Ar ϩ /Kr ϩ laser were used, the spectral resolution was kept below 6 cm Ϫ1 . For the pressure measurements a small piece (Ϸ80ϫ50 ϫ30 m 3 ) of a peapod paper was put into a gasketed diamond-anvil cell, 15 and the lines at 514.5 and 458 nm were used for excitation. With a 4:1 methanol-ethanol mixture as pressure medium we obtained pressures up to 9 GPa as determined by the ruby-luminescence method. 16 The highpressure measurements were performed at a spectral resolution of 3 cm Ϫ1 . The Raman lines were fitted to Voigt and Lorentz profiles.
Each spectrum was recorded after carefully maximizing the scattering intensity. This allowed us to use the Raman intensity of the optical mode of CaF 2 taken under the same experimental conditions to calibrate for the spectrometer sensitivity. The optical properties of CaF 2 can be regarded to a very good approximation as constant over the examined energy range ͑2.18 -2.71 eV͒. 17 Then, besides the correction for reflection losses at the sample surfaces, the only additional correction necessary to determine the resonant excitation profiles is to account for the varying optical penetration depth of the peapod sample ␦( l(s) ) for the incident ͑scat-tered͒ light which determines the scattering volume. From optical measurements 18 we found ␦( l ) to decrease by a factor of Ϸ 1.5 when varying the excitation energy from 2.18 to 2.7 eV. The excitation profiles of the nanotube samples were thus obtained as a relative Raman scattering efficiency normalized to the CaF 2 phonon.
Figures 2͑a͒ and 3͑a͒ contain Raman spectra of C 60 and C 70 peapods, respectively, taken at room temperature with several excitation wavelengths. From the C 60 tangential modes only the A g ͑2͒ and the H g ͑7͒ have measurable intensity. The H g ͑7͒ mode coincides with a SWNT feature ͓see the lowest trace in Fig. 2͑a͔͒ and therefore is not considered further. Most of the high-frequency C 70 modes are well seen in the spectra with the modes at 1060, 1255, 1465, and 1476 cm Ϫ1 being anomalously enhanced relative to the most intense C 70 line at 1446 cm Ϫ1 . Additionally, the lines at 1465 and 1476 cm Ϫ1 are strongly shifted from their positions found in pristine-solid and solution spectra 19, 21 (1458-1460 cm Ϫ1 and 1468-1471 cm Ϫ1 , respectively͒. Figures 2͑b͒ and 3͑b͒ display the resonance excitation profiles ͑REP's͒ for the A g (2) line of C 60 peapods and the 1227, 1446, and 1476 cm Ϫ1 modes of C 70 peapods, respectively. These three C 70 modes have the most pronounced resonance behavior. Surprisingly, the excitation profile of the A g (2) line has a double-maximum structure with maxima at 2.5 and 2.66 eV. It is tempting to attribute this to a splitting of the excited electronic state. From optical measurements on C 60 solutions three dipole-forbidden electronic transitions have been estimated in this energy region with symmetries T 2u and H u . 22 They could readily split upon lowering the icosahedral symmetry in the SWNT cavity or due to the forming of a one-dimensional C 60 -polymer chain, indicated by the 5 cm Ϫ1 downshift of the A g ͑2͒ line position from 1468 cm Ϫ1 in free C 60 . On the other hand, the lowest-lying dipole-allowed t 1u orbitals of C 60 are split in peapods, 20 giving rise to a mϭ0 singlet and a mϭϮ1 doublet state. The corresponding REP for a C 60 film has a maximum at 2.6 eV which is in between our two maxima. So far reported excitation profiles of the A g ͑2͒ line for a C 60 peapod reveal one maximum at 2.50 eV. 10, 11 The excitation profiles of the C 70 peapod lines are generally downshifted by 0.1-0.15 eV relative to corresponding C 70 curves in solution as read out from the comprehensive study of Gallagher et al. 21 , the only exception being the 1476 cm Ϫ1 line, whose dependence on excitation energy fits well into the REP of the C 70 1469 cm Ϫ1 line in benzene solution. This implies that the excited electronic states experience slight shifts upon insertion of the peas in the pods. Along with the shift of vibrational frequencies and the anomalies in relative Raman intensity this is an indication that the electronic states of the encapsulated fullerenes and SWNT's are hybridized as was theoretically predicted for C 60 peapods. 23 Pressure-dependent Raman spectra of C 60 and C 70 peapods along with the corresponding frequency dependences are shown in Figs. 4 and 5. The A g (2) mode in C 60 peapods exhibits a pronounced linear upshift with pressure which could be followed up to 9 GPa. From a least-square fit we estimate its pressure coefficient to be 2.7Ϯ0.2 cm Ϫ1 /GPa. This is a reasonable value as compared with Ϸ5 cm Ϫ1 /GPa found for the A g (2) mode in solid C 60 12,13 for the following reasons: The minimal tube diameter needed for the encapsulation of C 60 was estimated to be 1.29 nm from a tightbinding model 24 and 1.28 nm from ab initio calculations, 23 the SWNT diameters in our sample being well above this values. Hence, C 60 peas are well accommodated in the pods without mutual geometrical distorsion. In view of the estimated circumferential strain 25 upon applied hydrostatic pressure p of ϷϪ2 TPa Ϫ1 p for a ͑10,10͒ nanotube and the remarkably high bulk modulus of SWNT's ͑Ref. 26͒ we argue that the load at pressures up to at least 5 GPa is carried predominantly by the nanotube pods and is transferred to a much lesser extent to the C 60 peas.
Another subtle issue is the influence of pressure on the free rotation of C 60 in the SWNT's. From the size arguments and a reported temperature-dependent irradiation effect, similar to photopolymerization, 6 we assume C 60 rotational freedom at ambient conditions in the majority of our peapods, since photopolymerization is enabled by C 60 spinning in pristine fullerenes. This is supported by earlier TEM studies on peapods which found C 60 peas to be mobile inside the pods at room temperature. 2, 27 Furthermore, each type (n,m) of nanotube geometry imposes a different symmetry environment, i.e., a different orientational potential and hence different rotation activation energies. This potential should be largely smeared out for chiral SWNT, while it should preserve some maxima and minima for achiral tubes with n being a multiple of 2, 3 and 6. Having in mind the spread of SWNT diameters, C 60 rotation inside different pods should cease at different pressures making an abrupt change in the pressure slope of C 60 peapods unlikely, in agreement with our observation.
Of the C 70 peapods we investigated the pressure-induced shift of the three modes at 1446, 1465, and 1476 cm Ϫ1 with displacement patterns believed similar to that of the C 60 A g (2) ͑pentagonal pinch͒ mode. In spite of their low Raman intensity from the pressure cell and the low signal-to-noise ratio these modes can be followed up to Ϸ1 GPa ͑see line, and 9.0Ϯ1.6 cm Ϫ1 /GPa for the 1476 cm Ϫ1 line. Above 2 GPa the 1465 and 1476 cm Ϫ1 lines merge and can no longer be fitted separately. The pressure slopes become flat ͑as indicated in the figure͒ and the lines broaden towards higher pressures; this behavior proceeds up to at least 9 GPa. The estimated pressure coefficients for the 1446 cm Ϫ1 line of pristine C 70 14 are 5.5 cm Ϫ1 /GPa up to 1 GPa and 1.6 cm Ϫ1 /GPa above 1 GPa. In an attempt to explain our measured pressure dependence we recall that the longer diameter of C 70 exceeds by almost 0.1 nm its equatorial one ͑same as the C 60 diameter͒. On the other hand, electron diffraction results from peapod samples with different diameters of the SWNT pods revealed that C 70 peas preferably adopt the standing alignment when the pod is large enough. 4, 6 As the optimum SWNT diameter for encasing C 60 is 1.36 nm, 24 in view of the diameter distribution in our sample we expect the C 70 peapods with standing alignment to prevail or at least to be present in a quantity equal to the quantity of lying C 70 peapods. This is confirmed by the electronic diffraction image in Fig. 1͑b͒ . Therefore we see the explanation for the change in slope at 1.5 GPa in a possible massive switching from standing-egg to lying-egg alignment. Considering the diameter distribution in our sample, it appears possible that at 1 bar much of the peapods are near the threshold conditions for accommodating C 70 as standing eggs. Then upon applying hydrostatic pressure this threshold is exceeded quasisimultaneously for a considerable number of peapods resulting in an abrupt change of the pressure slope. In summary, we studied the high-frequency vibrational modes of fullerenes encapsulated in SWNT's with resonant Raman spectroscopy and upon applied hydrostatic pressure. The detected shifts in the maxima of the resonant excitation profiles and in vibrational frequencies corroborate the predicted significant hybridization of electronic states in the fullerenes with that of SWNT's. Linear pressure-induced hardening of all examined modes of C 60 and C 70 peas was established with an abrupt change in the slope for the C 70 modes at 1.5 GPa. We explain this effect in terms of massive switching from standing to lying alignment of C 70 inside the SWNT's. This work was supported by the Deutsche Forschungsgemeinschaft under Grant No. Th662/8-2.
